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In thin film ferromagnets with perfect easy-plane anisotropy, the component of total spin perpen-
dicular to the easy plane is a good quantum number and the corresponding spin supercurrent can
flow without dissipation. In this Letter we explain how spin supercurrents couple spatially remote
spin-mixing vertical transport channels, even when easy-plane anisotropy is imperfect, and discuss
the possibility that this effect can be used to fabricate new types of electronic devices.
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Introduction— Recent progress [1] in the growth of mag-
netic thin films has made it possible to construct circuits
in which materials with perpendicular and in-plane mag-
netic anisotropy are flexibly combined. As we explain
below these advances have improved prospects for the
experimental realization of a new class of effects in spin-
tronics in which collective magnetic degrees of freedom
play a more active role. In this Letter we discuss effects
which rely on the ability of ferromagnetic materials with
strong easy-plane order to carry dissipationless spin su-
percurrents [2–6] that are in many ways analogous to the
dissipationless charge currents carried by superconduc-
tors. In both XY ferromagnets and superconductors the
energy of the ordered state is independent of an angle
φ, the azimuthal magnetic orientation angle in the XY
ferromagnet case and the Cooper-pair condensate phase
angle in the superconducting case. States with a defi-
nite value of this angle break spin-rotational symmetry
around the zˆ axis and gauge symmetry respectively. The
analogy between XY ferromagnetism and superconduc-
tivity extends to superflow behavior. Just as supercon-
ductors can support dissipationless charge currents, per-
fect easy-plane ferromagnets can support dissipationless
currents [2–6] of the conserved zˆ component of total spin.
As an illustration of the types of effects that can occur
we address specifically the super-spintronic circuit pro-
posed in Ref. 3 and illustrated in Fig. 1. The circuit
consists of two thin film metal stacks containing perpen-
dicular anisotropy magnetic layers and linked by a com-
mon easy-plane ferromagnetic thin film, assumed here
to be permalloy. As we will describe, collective mag-
netic behavior induced by exchange interactions within
the easy-plane material lead to non-local effects that can
be much stronger than the familiar effects associated
with spin-diffusion in normal metals. The cross-sectional
area of the two stacks and the length of the permalloy
link between them are assumed to be sufficiently large
to avoid significant charge transport cross-talk [7–9] be-
tween stacks. The magnetization of the perpendicularly
magnetized metal stacks is assumed to be pinned and
only the easy-plane thin film ferromagnet’s magnetiza-
tion is allowed to change in response to the flow of spin-
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FIG. 1: (color online). Charge transport through two
(Left and Right) metallic multilayer stacks containing both
perpendicular-anisotropy films and a common easy-plane
anisotropy thin film. Transport electrons in both metal stacks
exert spin-transfer torques on the easy-plane anisotropy film.
Exchange interactions within that film couple the two ver-
tical transport channels. When the orientation of the easy
plane ferromagnet is time-independent the left (L) and right
(R) conductances are independent. When the total current
IL + IR exceeds a critical value, spin-transfer torques drive
the easy-plane thin-film nano-magnet into a dynamic preces-
sional limit cycle in which the transport properties of the L
and R stacks are interdependent. If the Gilbert-damping co-
efficient of the easy-plane magnet is small, the dc conductance
of both stacks is strongly suppressed in the dynamic config-
uration. The specific materials indicated in this illustration
are discussed in the text.
polarized currents. The spin-transfer torques exerted by
vertical transport drive spin super-currents through the
easy-plane nanomagnet. Below we first explain some key
ideas by considering simpler macrospin limit in which
the spin-stiffness in the thin film nano-magnet is strong
enough to inhibit spatial variation in magnetization ori-
entation, and then discuss the long magnetic link limit.
Macrospin Limit— Because they are separated by non-
magnetic spacer layers, the magnetizations of different
magnetic circuit elements behave independently. When
the system is able to reach a time independent state in the
presence of bias voltages, the zˆ-direction spin of the easy-
plane magnetic layer satisfies the torque-balance equa-
tion,
h¯
dSz
dt
= −2K sin(2φ) + FLgLµL + FRgRµR = 0, (1)
where the first term on the right hand side is contributed
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2by in-plane magnetic anisotropy, with −K cos(2φ) being
the macrospin in-plane anisotropy energy. The remaining
terms are spin-transfer torques [10, 11] applied at left and
right electrodes by number currents
IL,R = gL,RµL,R/h¯, (2)
where gL,R is the stack conductance in e
2/h units, and
µL,R the circuit bias energy at the L,R electrode. The
currents contribute to dSz/dt because charge flows be-
tween electrodes with opposite perpendicular magneti-
zation orientations; the factors FL,R ∼ 1 are material-
dependent spin-injection efficiency factors, and the con-
ductances gL,R are relatively large because the in-plane
nano magnet can efficiently reverse the spins of electrons
which propagate through it. Provided that
|FLIL + FRIR| < Ic = 2K/h¯, (3)
Eq. (1) has a solution and the vertical conductance is lo-
cal in the sense that IL,R depends only on µL,R. Note
that the static solution is allowed for any value of the in-
dividual currents as long as the total injected spin-current
satisfies Eq. (3).
When the total spin current exceeds ∼ 2K/h¯, Eq. (1)
can no longer be satisfied. The magnetization can no
longer reach a steady state value and begins to precess.
Assuming that the easy-plane anisotropy is very large so
that the magentization remains in the XY plane, Eq. (1)
then generalizes to
h¯
dSz
dt
=− 2K sin(2φ)− gi h¯φ˙
+ FLgL(µL − h¯φ˙) + FRgR(µR − h¯φ˙) = 0. (4)
Here the second equality keeps the spin direction close
to the easy-plane and the three terms proportional to
φ˙ capture magnetization decay due to Gilbert damping
and spin-pumping [12, 13] into the two electrodes. The
spin-pumping terms can be understood by performing a
unitary transformation to a spin-direction frame which
precesses with the magnetization. The exchange field of
the ferromagnet is then static, allowing standard trans-
port ideas to be applied, but the energy bias across the
vertical transport stacks is shifted. In the precessing case
h¯IL,R = gL,R (µL,R − h¯φ˙). (5)
The coefficient gi in the Gilbert damping term is re-
lated to the usual dimensionless damping coefficient α
by h¯gi = αS where S is the total macrospin of the easy-
plane magnetic nano particle.
Given µL and µR, Eq. (4) can be solved for φ(t). (Solu-
tions for some typical parameters are presented in Fig. 2.)
When the total current is comfortably in excess of the
critical value, φ˙(t) is approximately constant. In this
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FIG. 2: (color online). Typical Magnetization Dynamics re-
sults for gi = gL = gR = g, FL,R = 1 and initial value
φ(t = 0) = 0. The left panels depict the evolution of the
macro-spin orientation φ and the right panels illustrate the
behavior of the currents in units of 2K/h¯. In each case
the dashed line shows the long-time average current. a):
µL = µR = 0.8K/g – the total spin-current is below the
critical value and the magnetization and currents approach
time-independent values. b): µL = µR = 2.0K/g – the to-
tal spin current exceeds the critical value. The magnetization
precesses non-uniformly and the current has a large oscillating
component. The precession becomes more uniform and the
oscillating currents weaker when the currents are increased
further. c): µL = −0.4K/g, µR = 2.0K/g – the spin-current
injected by the right contact is the same as in case b) but the
total spin-current is the same as in case a). The time unit is
t0 = h¯(gi + gL + gR)/(4K).
case averaging over time yields the following non-local
relationships between electrode currents and biases:
IL =
gL(gi + FRgR)
FLgL + FRgR + gi
µL +
−FRgRgL
FLgL + FRgR + gi
µR
IR =
−FLgLgR
FLgL + FRgR + gi
µL +
gR(gi + FLgL)
FLgL + FRgR + gi
µR
(6)
The crossover between Eqs. (2) which apply in the
static magnetization regime and Eqs. (6) which apply
far into the dynamic magnetization regime occurs rather
abruptly as can be seen in Fig. 3 where we plot the time-
averaged current in the left electrode IL vs. µL for dif-
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FIG. 3: (color online). Current-voltage relationship of the
left electrode for µR = 0, µR = −K/gR and µR = K/gR.
Currents in the dynamic regime are time averages over the
limit cycle. Panel a) gL = gR = 5gi. Panel b) gL = 5gR = 5gi.
Note that the increase in resistance in the dynamic regime is
larger when both gR and gi are much smaller than gL.
ferent values of µR.
Both the non-locality of transport and the contrast be-
tween the dynamic and static magnetization regimes are
enhanced when spin-pumping is the dominant magnetiza-
tion dissipation mechanism, i.e. when gL,R > gi. Achiev-
ing sufficiently large spin-injection into easy-plane nano
magnets with Gilbert damping that is sufficiently small
for this inequality to be satisfied is a challenge which can
now be met thanks to recent advances in spin-torque os-
cillator [14] technology. Because it has a relatively small
interface resistance the Co/Cu materials combination is
favorable for the perpendicular-magnet/magnetic-spacer
elements of the structure. Similarly, because of its small
Gilbert damping parameter, permalloy is an attractive
material for the easy-plane anisotropy thin film. The
Gilbert damping conductance gi of the permalloy nano
magnet is proportional to its total spin and therefore to
its volume. The inequality we seek is favored by design-
ing samples in which the easy-plane ferromagnet cross-
sectional area is dominated by the portions within the
metal stacks and not by the link portion. In this limit
gL,R and gi are both proportional to the stack cross-
sectional area, while gi is in addition proportional to
the permalloy thin film thickness. Assumming a Gilbert
damping parameter α ∼ 10−2, and a spin per atom ∼ 2,
we conclude that gL,R can be larger than gi for films
thinner than ∼ 4 nm. It is of course always possible to
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FIG. 4: (color online). Two vertical spin injectors cou-
pled by an easy-plane ferromagnet. The yellow arrows indi-
cate magnetization orientation φ within the easy plane. The
spin-supercurrent is proportional to the spatial gradient of
the magnetization orientation ∂xφ.
reduce gL,R below maximum values, for example by in-
troducing a thin insulator layer in the metal stacks, to
reverse the sense of this inequality in one or both metal
stacks. For 1 nm thick films and ∼ 10−14 m2 stack cross-
sections, we estimate that gL,R ≤ 300, 000 and, assum-
ing that only 20% of the permalloy area is in the link
segment, that gi ∼ 80, 000. For a given sample shape,
the in-plane magnetic anisotropy of thin film permalloy
can be controlled by varying growth conditions [15] to
values as small as ∼ 10−8 eV per permalloy spin. It fol-
lows that for the same device dimensions, the bias ener-
gies necessary to drive the transition between static and
dynamic regimes can be as small as ∼ 10−7 eV. Elec-
tronic transport switches which operate at such small
bias voltages are potentially attractive for low-power-
consumption electronic devices.
Long Nanomagnet Limit— When the in-plane magnetic
anisotropy is tuned to larger values, spatial variation of
the magnetization orientation can become important. In
Fig. 4 we illustrate the case of a long narrow permalloy
thin film which provides a magnetic link between metal
electrodes at left and right. Assuming that the link is
sufficiently narrow to force constant magnetization across
the bar, the Landau-Liftshitz equation in this case is
− 2K
L
sin(2φ)− gi
L
h¯φ˙+AA⊥∂2xφ = 0, (7)
where A⊥ is the cross-sectional area of the bar, L is its
length, and A is the magnetic stiffness coefficient. The
two terms that are balanced in the static limit can be
interpreted as contributions to the rate of change of the
local Sz density from local magnetization precession and
from the divergence of the spin-supercurrent,
IS(x) =
AA⊥
h¯
∂xφ(x). (8)
Because the exchange splitting of typical ferromagnetic
metals is much larger than the anisotropy energy per par-
ticle, the spin-current injected at left and right is con-
verted [16, 17] nearly locally into a spin-supercurrent. It
4follows that
IS(x = 0) = FLIL = FLgL [µL − h¯φ˙(x = 0)],
IS(x = L) = −FRIR = −FRgR [µR − h¯φ˙(x = L)].(9)
As in the macrospin limit vertical transport at each elec-
trode is local when the easy-plane magnetization orien-
tation is static, but the switching boundary is dependent
on both bias voltages. Some insight into switching prop-
erties can be gained by noting that in the static case
h¯2I2s
2AA⊥
+
K
L
cos(2φ) = C, (10)
where C is a constant independent of position. When
FLIL = −FRIR the spin-supercurrent has the same value
at L and R bar ends, and static magnetization configura-
tions are allowed at large current magnitudes. When IL
and IR have the same sign at the bar ends, however, Is
must change sign as a function of position along the bar
and static solutions are possible only when:
max(F 2LI
2
L, F
2
RI
2
R) <
4KAA⊥
Lh¯2
. (11)
For large K this limit on the injected spin-currents is
more stringent than Eq. 3. In both cases the spin-
injection limit depends on bias voltages in both metal
stacks and the collective magnetic degree of freedom pro-
vides the coupling between electrodes.
The ratio of the length of the permalloy link, L, to the
typical magnetization variation length scale:
λ ≡ 1
2
√
AA⊥L
K
, (12)
controls how far the system is from the macrospin limit.
When L  λ the critical currents are given by the
macrospin result in Eq. (3). In the opposite limit,
L  λ, the currents at which steady solutions exist
satisfy Eq. (11) except within a narrow strip along the
FRIR = −FLIL line. Figure 5 illustrates this behavior.
Discussion— The I-V characteristics discussed in this
Letter provide an example of an electron transport phe-
nomenon in which a collective degree-of-freedom, the
magnetization orientation, plays an active role. This
type of phenomenon is of potential interest for elec-
tronic device applications mainly because it can lead
to current flow response to bias voltage that is sharp
on scales smaller than kBT/e, an impossibility for the
single-particle transport processes exploited in most cur-
rent electronic devices. We have so far ignored the
role of thermal fluctuations in the phenomena discussed
here. Switching between static and dynamic magnetiza-
tion configurations [18–20] is stochastic with a thermal
energy barrier due to anisotropy that vanishes at the crit-
ical currents or bias voltages. It follows that reliable col-
lective switching can be driven by changes in bias voltage
FIG. 5: (color online). Regions in the IL,R parameter space
where static magnetization solutions exist. The blue, red, and
green regions correspond to different ratios of the permalloy
link length, L, to the length λ defined in Eq. (12). The dashed
black lines lines enclose the region predicted by Eq. (3) in-
tended to apply in the macrospin model. The box enclosing
the entire picture, the red dashed-dotted box and the black
dashed-dotted box enclose the regions described by Eq. (11),
intended to apply in the long-link limit, for L = λ, L = 2λ,
L = 5λ respectively. Note that the L = λ case (blue region) is
already well described by the macrospin model, whereas the
L = 5λ (green region) is already well described by Eq. (11),
except for a narrow strip near FRIR = −FLIL.
δV with eδV/kBT ∼ eVswitch/K ∼ 1/gL,R  1, where
Vswitch is the bias voltage typically required for switching,
exceeding the limit possible with switches based upon in-
dividual independent electron behavior.
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